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E-mail address: stephan.pollmann@rub.de (S. PollmFull-length tyrosine decarboxylase cDNA (TyrDC) from Arabidopsis thaliana was identiﬁed by rapid
ampliﬁcation of cDNA ends-PCR and isolated by RT-PCR. The TyrDCmRNA was substantially induced
by drought stress and wounding, and was considerably decreased by salt stress. By using TyrDC pro-
tein fusions with green ﬂuorescent protein, an intracellular localization to the cytoplasm was
shown. Recombinant (His)6-TyrDC was expressed in Escherichia coli and enzymatically character-
ized: it exclusively catalyzed the conversion of L-tyrosine to tyramine, exhibited an optimum tem-
perature of 50 C, and an optimum pH at approximately 8.5–9. Recombinant TyrDC protein
formed tetramers, as shown by blue native gel electrophoresis.
Structured summary:
MINT-7040408:TyrDC (uniprotkb:Q8RY79) and TyrDC (uniprotkb:Q8RY79) bind (MI:0407) by blue native
page (MI:0276)
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction 2. Materials and methodsAromatic L-amino acid decarboxylases (AADCs) are suggested to
play crucial roles in the biosynthesis of a number of different sec-
ondary metabolites in plants. These compounds are not of general
importance for the normal development of the plant, but often ex-
hibit specialized functions in the interaction between plants and
their abiotic and biotic environment.
Tyrosine decarboxylase (TyrDC) mediated decarboxylation of
L-tyrosine is assumed to be a common feature distributed through-
out the entire plant kingdom, and it seems to have a vital function
in several different metabolic pathways. Besides the involvement
in the biosynthesis of verbascoside in Syringa vulgaris [1] and of
hordinine in Hordeum vulgare [2], TyrDC appears to be involved
in plant defense, as both TyrDC transcript level and TyrDC activity
transiently respond to fungal elicitor treatment in cell suspension
cultures [3,4].
Here we report the identiﬁcation of the full-length TyrDC cDNA
from Arabidopsis and the functional characterization of the corre-
sponding protein. Furthermore, we give an account of the stress-
dependent regulation of TyrDC gene expression.chemical Societies. Published by E
boxylase; GFP, green ﬂuores-
oxo-phytodienoic acid; RACE,
itative reverse transcription
ylase
ann).2.1. Plant material
All experiments were carried out using Arabidopsis thaliana eco-
type Col-0 (NASC, stock N1092). Seedlings were sterilely raised on
solidiﬁed ½ MS-medium supplemented with 1% (w/v) sucrose [5];
plantlets were kept under constant environmental conditions (8 h
light at 24 C, 16 h darkness at 20 C, photosynthetically active
radiation 105 lE m2 s1) for 2–4 weeks.
2.2. Stress conditions
To assess the inﬂuence of various different stress conditions on
TyrDC mRNA levels, 4 weeks old seedlings were incubated under
different conditions for time periods indicated, before 100 mg
plant material was harvested, frozen in liquid nitrogen, and total
RNA was extracted. To induce cold stress, plants were incubated
at 4 C; for heat stress, plants were kept at 38 C. To mimic drought
conditions, plates were opened to allow the plants and the medium
to be dehumidiﬁed in a drying chamber. To induce salt stress, med-
ium was supplemented with 3 M NaCl; other plates were trans-
ferred to darkness. Wounding was performed by using sterile
tweezers. Plants kept at constant conditions in a phytochamber
were used as controls. In case of oxylipin treatment, 7 days old
sterilely grown plants were used. Plates were either supplemented
with 50 lM 12-oxo-phytodienoic acid (OPDA), 50 lM methyllsevier B.V. All rights reserved.
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solution. As control, plants treated with ½ MS solution without
any further supplementation were used. Pathogen studies made
use of the avirulent bacteria strain Pseudomonas syringae
DC3000(avrRPM1). Pathogen inﬁltration was performed with a
5  107 cfu ml1 suspension [6].
2.3. RNA isolation and RT-PCR
Total RNA was prepared from 100 mg plant tissue by using
TRIzol reagent (Invitrogen, Karlsruhe, Germany) according to the
manufacturer’s instructions. RNA to be used in subsequent rapid
ampliﬁcation of cDNA ends (RACE)-PCR applications or qPCR was
further puriﬁed using an Oligotex mRNA kit (Qiagen, Hilden,
Germany). First-strand synthesis was performed according to the
supplier’s instructions, using M-MLV-reverse transcriptase and
oligo(dT)15 primer (Promega, Madison, USA). All subsequently
performed PCR applications made use of intron-spanning, gene-
speciﬁc oligonucleotides (Table 1).
2.4. 50-RACE-PCR
For RACE a 50/30 RACE kit (2nd generation, Roche Diagnostics,
Mannheim, Germany) was used according to the manufacturer’s
instructions. Based on the TyrDC sequence, as is deposited in
GenBank (NM_119010), two oligonucleotides were designed and
used (see Table 1). Finally, the obtained extended cDNA fragment
was commercially sequenced (GATC, Konstanz, Germany).
2.5. Expression analysis by qRT-PCR
To quantify the expression of TyrDC in response to multiple
environmental cues, quantitative reverse transcription polymerase
chain reaction (qRT-PCR) was performed in a total volume of 25 ll
using the QuantiFast SYBR Green RT-PCR kit (Qiagen) on a DNA En-
gine Opticon 2 instrument (MJ Research, Waltham, USA) according
to the manufacturer’s instructions. Relative quantiﬁcation of
expression was calculated after data analysis using Opticon moni-
tor software (ver. 2.02.24, MJ Research) by the comparative 2DDCT
method [7] with EF-1a, APT1, and UBQ10 as reference genes [8]. For
normalization and determination of ampliﬁcation efﬁciencies the
geNORM and LinRegPCR algorithms, respectively, were used [9,10].
2.6. Vector construction
Molecular techniques were carried out following standard pro-
tocols according to [11]. Full-length TyrDC cDNA was ampliﬁed by
PCR using gene speciﬁc primers (TyrDC-RACE-for/TyrDC-PstI-rev,
Table 1) and cloned into pGEM-T (Promega). The PCR parameters
were 95 C for 10 min followed by 35 cycles of 95 C for 45 s,Table 1
Primers used for cloning and expression analysis of Arabidopsis TyrDC.
Name Sequence (50–30)
50-RACE-TyrDC-02 CAGTAGCGGCAGGAGAAGT
50-RACE-TyrDC-03 CCCCAATGGGACCAAAGGA
TyrDC-qPCR-for GGCGATGAAGACCAATGTA
TyrDC-qPCR-rev GCACCAACAGCAAATCGTA
APT1-qPCR-for TCGTGCTGTTCCTTGCAAC
APT1-qPCR-rev GCGGAGGAGAAGAGGCGGA
EF-1a-qPCR-for CTTGCTTTCACCCTTGGTG
EF-1a-qPCR-rev TCCCTCGAATCCAGAGATT
UBQ10-qPCR-for TTGGAGGATGGCAGAACTC
UBQ10-qPCR-rev AGTTTTCCCAGTCAACGTC
TyrDC-datab-for TATGGATCCATGTTTAAAC
TyrDC-RACE-for TAAGGATCCATGGAATTTG
TyrDC-PstI-rev TATCTGCAGGCATAATGGT58 C for 45 s, and 72 C for 90 s; for the ampliﬁcation of the coding
region a proofreading polymerase (iProof, Bio-Rad, Munich, Ger-
many) was used. After sequence veriﬁcation of the PCR product
(GATC), the corresponding fragment was cloned into each of the
vectors pQE-30 (Qiagen) and pTrcHis2 (Invitrogen) by using Bam-
HI/PstI sites. For generation of green ﬂuorescent protein (GFP) fu-
sion constructs, the BamHI/SalI fragment from pTrcHis-TyrDC
was introduced into the BamHI/SalI sites of pUC-GFPn and pUC-
GFPc. These vectors facilitate 50 and 30 fusion, respectively, of target
genes with the coding sequence of the GFP gene. Expression of
these fusion constructs is driven by a 35S promoter and terminated
by a NOS terminator sequence.
2.7. Heterologous expression of TyrDC
N-terminally hexahistidine-tagged TyrDC was expressed in
Escherichia coli strain M15 [pREP4] harboring the pQE-TyrDC con-
struct. For this, 300 ml of 2YT medium were inoculated with
30 ml of an overnight culture and incubated at 30 C under con-
stant shaking. Once an optical density (OD600) of 0.8–1.0 was
reached, protein expression was induced by adding 1 mM IPTG.
After an additional incubation time of 18 h, cells were harvested
by centrifugation (4000g, 15 min, 4 C). Then pellets were resus-
pended in 30 ml of lysis buffer (50 mM sodium phosphate buffer
pH 7.5, 300 mM NaCl, 25 mM imidazole, 1 mg ml1 lysozyme). Fol-
lowing a 30 min incubation on ice, bacteria were disrupted by son-
iﬁcation (three burst of ultrasound, 30 s, 40 W), and the soluble
protein fraction was isolated by centrifugation (10 000g,
20 min, 4 C). The resulting supernatant was ﬁltered through
0.22 lm Millex-GP ﬁlter units (Milipore, Billerica, USA) and
(His)6-tagged proteins puriﬁed by afﬁnity chromatography on a
Ni2+ agarose matrix (Qiagen) following the supplier’s instructions.
Eluates were desalted using PD-10 columns (GE Healthcare,
Freiburg, Germany), equilibrated with 50 mM sodium phosphate
buffer at pH 7.5, and protein concentrations determined according
to [12].
2.8. Confocal laser scanning microscopy
Transient transformation of pavement cells and subsequent
microscopic analysis of the expressed GFP-tagged proteins was
carried out as previously described [13]. Arabidopsis plantlets were
transformed by particle bombardment. After incubation for
16–18 h, TyrDC-GFP expressing cells were analyzed by confocal la-
ser scanning microscopy.
2.9. Enzymatic assays
Screening for appropriate substrates of recombinant TyrDC was
performed by thin layer chromatography (TLC). DifferentExperiment
GAGCCAGG 50-RACE-PCR
TCAACCGC 50-RACE-PCR
ACGAAC qRT-PCR
AAACG qRT-PCR
CG qRT-PCR
GT qRT-PCR
T qRT-PCR
G qRT-PCR
TTGCT qRT-PCR
TTAACGAAA qRT-PCR
CCCAACATATGTATG RT-PCR
GTACCGG RT-PCR, cloning
CGTTGCGTGTAAATTTG RT-PCR, cloning
Fig. 1. Genomic organization of Arabidopsis TyrDC. Depicted is the exon intron structure of TyrDC (At4g28680). The upper row (datab) shows the exon intron junctions of
TyrDC as deposited in publicly available databases, e.g. TAIR8 (www.arabidopsis.org). The lower part (RACE) shows the genomic organization of TyrDC as determined by 50-
RACE-PCR. Solid boxes indicate consecutively numbered exons. Black boxes represent coding regions; white boxes refer to 50 and 30 untranslated regions, respectively. In the
right part of the ﬁgure results of RT-PCR applications, carried out with primers speciﬁc for the predicted open reading frames (Table 1), are shown. Full-length TyrDC
fragments were obtained by 40 cycles of PCR, whereas for the control gene, actin2, only 25 cycles of PCR were conducted. Inf: RT-PCR using total RNA from inﬂorescences; Lea:
RT-PCR using total RNA extracted from leaf tissue.
Fig. 2. Comparison of amino acid sequences of plant AADCs. Sequences of 16
proteins from rice (Os), barley (Hv), Catharanthus roseus (Cr), Camptotheca acuminata
(Ca), Ophiorrhiza pumila (Op), parsley (Pc), Papaver somniferum (Ps), and thale cress
(bold) were aligned using the AlignX module of the VectorNTI Advance 10.3.0
software package (Invitrogen) with default parameters. The radial phylogram was
generated using the TreeView software version 1.6.6 (see: http://taxonomy.zool-
ogy.gla.ac.uk/rod/treeview.html). The branch length indicates the relative observed
divergency among the polypeptides. The numbers underneath the protein names
are sequence identiﬁers.
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L-citrulline, L-cystine, L-3,4-dihydroxyphenylalanine, L-homoserine,
and L-ornithine) were incubated for 3 h together with 1 mM
pyridoxal 50-phosphate and 5 lg of puriﬁed protein in 50 mM so-
dium phosphate buffer (pH 7.5) at 30 C in a total volume of
300 ll. The reaction was stopped by adding 900 ll ice-cold meth-
anol. After incubation at 20 C for 2 h, samples were centrifuged
(13 000g, 30 min) to precipitate contained proteins. Supernatants
were transferred into fresh reaction tubes before they were re-
duced to dryness in vacuo. Subsequently, residues were dissolved
in the TLC solvent system, consisting of ethyl acetate:metha-
nol:28% ammonia (v/v) (45:35:20, v/v) for aromatic substrates
and butanol:ethyl acetate:28% ammonia (v/v):water (3:5:1:1,
v/v) for aliphatic substrates, respectively, and spotted on TLC plates
(Macherey-Nagel, Düren, Germany). After chromatographic sepa-
ration, amines were stained with ninhydrin (0.2% in ethanol).
All further enzymatic assays were analyzed by HPLC according
to protocols earlier described [14,15], on a HPLC system (Modell
510, Waters, Milford, USA) equipped with a C18 column (Luna
5l, Phenomenex, Aschaffenburg, Germany) and a Waters 470
ﬂuorescence detector.
2.10. Blue native gel electrophoresis
Analytical blue native PAGEwas carried out as described by [16].
After western blotting [17], the membrane was incubated for 2 h at
RT with monoclonal (His)5 antibody (1:1000, Novagen, Notting-
ham, UK). Subsequently, immunodetection of recombinant (His)6-
TyrDC was performed by the standard ECL method according to
the manufacturer’s instructions (GE Healthcare) after incubation
with anti-mouse horseradish peroxidase-coupled secondary anti-
bodies (1:7500, Promega) for 2 h at ambient temperature.
3. Results
3.1. 50-RACE
All available mRNA sequences for TyrDC lacked information on
the 50 untranslated region of the gene. Likewise no full-length Tyr-
DC EST clones can be found in publicly available databases. By
using primers speciﬁc for the annotated open reading frame (Tyr-
DC-datab-for and TyrDC-PstI-rev, Table 1) we were not able to am-
plify TyrDC by RT-PCR (Fig. 1), thus we concluded that the
sequence in the 50 region of the gene is perhaps misannotated.
To determine the full-length cDNA sequence of TyrDC, we thus
undertook a RACE-PCR approach. Starting from the predicted mid-
dle of the third exon, an extended cDNA fragment of 568 bp con-
taining additional 50 sequence was produced. By combining it
with the annotated TyrDC mRNA sequence, we obtained a newORF of 1617 bp that corresponds to the full-length cDNA. Sequence
analysis revealed misinterpreted exon intron junctions between
the ﬁrst two exons in the database sequence. Fig. 1 summarizes
the results on the exon intron structure and on the 50 untranslated
region of TyrDC. Using oligonucleotides speciﬁc for the obtained
coding region of TyrDC allowed the ampliﬁcation of full-length Tyr-
DC. The difference between the deduced amino acid sequence of
TyrDC and the annotated sequence (NP_001078461) is restricted
to the extreme N-terminus. The experimentally determined TyrDC
amino acid sequence is missing the ﬁrst ten amino acid residues of
the annotated sequence. The rest of the primary sequence is iden-
tical to the annotated sequence, thus the polypeptide remains its
signiﬁcant homology with AADCs from other plant species (Fig. 2).
3.2. Stress-response of TyrDC
The expression of TyrDC in potato is regulated by environmen-
tal stress [18]. Other studies report an involvement of TyrDC in
plant defense [19] and wound response [20]. In this regard, it ap-
peared rewarding to analyze whether Arabidopsis TyrDC transcrip-
tion is also responding to external stimuli. For this purpose
different stimuli, e.g. wounding, transition to darkness, tempera-
ture, drought, and high salt conditions, were tested by qRT-PCR
Fig. 3. Quantiﬁcation of TyrDC expression in sterilely grown Arabidopsis seedlings
under different stress conditions. (A) TyrDC expression patterns in response to
various stress conditions. (B) Time course experiment on the inﬂuence of oxylipins
on TryDC transcript levels. As reference genes for the calculation of TyrDC mRNA
contents, the following genes were used: EF-1a, APT1, and UBQ10. In the ﬁgure
means ± S.D. of three independently performed experiments are given.
Fig. 4. Subcellular localization of TyrDC-EGFP fusion proteins in pavement cells of
Arabidopsis thaliana. In (A) typical results of confocal laser scanning microscopy
studies are given. The ﬁrst column on the left (EGFP ﬂuorescence) shows the GFP
channel (500–530 nm). The chlorophyll autoﬂuorescence is shown in a separate
channel (650–798 nm, middle column). On the right side, an overlay of the two
ﬂuorescence channels is depicted. (I) Transformation with the empty EGFP-vector
(cytoplasmic control). (II) Transformation with the prepared GFP-TyrDC construct.
(III) Transformed epidermis cell expressing the TyrDC-GFP fusion protein. The lower
part of the ﬁgure (B) schematically illustrates the utilized fusion constructs.
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transcription strongly responds to wounding. TyrDC levels peak
within 30 min and transcript levels decline thereafter. Further-
more, TyrDC was rapidly activated by drought stress, reaching
maximum levels after 60 min. In contrast, heat and cold stress, as
well as stimulation by pathogens triggered no signiﬁcant alteration
of TyrDC transcripts. Salt stress gave rise to a transient decrease of
TyrDC levels by approximately 50% after 60 min.
Time course experiments uncovered a substantial and transient
induction of TyrDC gene expression by MeJA (Fig. 3B). In this series
of experiments, both coronatine [21] and OPDA [22] were by far
less effective.
3.3. Subcellular localization of TyrDC
Plant TyrDCs are suggested to be soluble proteins located in the
cytoplasm. To determine the intracellular targeting of TyrDC
several reporter constructs were cloned for transient transforma-
tion of A. thaliana pavement cells, using particle bombardment
for gene delivery. TyrDC full-length cDNA was fused to GFP on
either the 50 or the 30 end of the gene. The transient expression
studies with the TyrDC-GFP fusions (Fig. 4) suggest a cytoplasmiclocalization of the chimeric proteins, almost resembling the results
for the cytoplasmic control (Fig. 5).
3.4. Enzymatic characterization of (His)6-TyrDC
For His-tagged TyrDC an apparent molecular mass of approxi-
mately 65 kDa was estimated by SDS–PAGE (Fig. S1). The recombi-
nant protein refused all other substrates other than L-tyrosine,
suggesting TyrDC to be a speciﬁc L-tyrosine decarboxylase (Table
2). The enzyme exhibits a broad temperature optimum with a
maximum at 50 C. At temperatures above 60 C protein activity
sharply declines. The pH optimum is relatively broad (8–9.5), max-
imum enzyme activity can be detected at pH 8.5–9. At pH values
above 9.5 the enzymatic activity rapidly declines. TyrDC shows
Michaelis–Menten kinetics with L-tyrosine concentrations up to
3.5 mM (Fig. 5A). To determine both the maximum reaction rate
(Vmax) and the substrate afﬁnity (Km) of TyrDC the Lineweaver–
Burk equation was used (Fig. 6B). This led to the calculation of a
Vmax of 61 nkat (mg protein)1 and a Km of 0.75 mM (Table 2).
To explore a possible oligomerization of TyrDC, we estimated its
subunit state by non-denaturing blue native gel electrophoresis
(Fig. 6). Thereby, evidence for an exclusive occurrence of His-
tagged TyrDC in tetrameric state could be provided. An immuno-
signal was only detectable in the range of the 232 kDa marker.
Fig. 5. Determination of Km and Vmax of Arabidopsis TyrDC for L-tyrosine. (A) TyrDC
(5 lg) was incubated at different concentrations of L-tyrosine for 60 min at 30 C.
Decarboxylase activity was determined by analyzing the amount of produced
tyramine by HPLC. The data presented are means ± S.D. from four experiments. (B)
Depicts the Lineweaver–Burk transformation of the data. The straight line was
determined by linear regression and used to calculate Km and Vmax values.
Table 2
Enzymatic properties of recombinant TyrDC. L-tyrosine was used as substrate in all
activity assays.
Enzymatic parameter Value
Apparent molecular mass (kDa) Approximately 65
Km (lM) 745 ± 25
Vmax (nkat (mg protein)1) 61.35 ± 3.85
pH optimum 8.5–9
Temperature optimum 45–55 C
Fig. 6. Blue native PAGE separation of TyrDC. His-tagged TyrDC was expressed in
E. coli and puriﬁed by afﬁnity chromatography. One microgram of puriﬁed protein
was used for gel electrophoresis on an 6–16% linear-gradient blue native gel
system.
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In this study, we identiﬁed and cloned a full-length cDNA that
encodes a highly speciﬁc TyrDC of A. thaliana. Experiments with
heterologously expressed TyrDC protein revealed exclusive sub-
strate speciﬁcity of the enzyme for L-tyrosine. This study also pro-
vides ﬁrst experimental evidence for a cytoplasmic localization of
TyrDC and for tetramer-formation of the enzyme. Thus, emphasiz-
ing a tetramer to be seemingly the active subunit state of Arabidop-
sis TyrDC.
The determined enzymatic properties of TyrDC coincide with
data previously reported, emphasizing Km values for plant TyrDCs
ranging from approximately 0.3–1.0 mM [23]. Unlike animal
AADCs, plant AADCs usually feature high substrate speciﬁcity. For
example, TyrDCs of meadow rue and california poppy accept
L-tyrosine and 3,4-dihydroxy-L-phenylalanine (L-dopa) as substrate[24], whereas TyrDCs from barley and scotch broom exclusively
convert L-tyrosine and L-dopa, respectively. Arabidopsis TyrDC is
speciﬁc for L-tyrosine, refusing L-dopa and all other tested com-
pounds as substrate.
In several plant species TyrDC activity is remarkably induced by
wounding or fungal elicitor treatment [19,20]. To assess whether
Arabidopsis TyrDC is induced by wounding or other environmental
stress conditions, gene expression levels were monitored by qRT-
PCR. Already after 30 min, TyrDC mRNA showed a considerable
induction by wounding, whereas no signiﬁcant induction of gene
expression was observed in case of pathogen treatment. Time
course experiments uncovered a JA-dependent transcriptional reg-
ulation of TyrDC. Intriguingly, neither OPDA nor coronatine were
able to efﬁciently affect TyrDC expression. Particularly, the ineffec-
tiveness of coronatine is noteworthy, since it may implicate a
COI1-independent signal transduction pathway. Together with
the moderate increase of TyrDC levels observed in drought stressed
seedlings and the reduced gene expression under high salt condi-
tions this points to a vital function of TyrDC in the integration of
a multitude of environmental stresses.
In conclusion, we were able to identify an Arabidopsis protein
with considerable homology to already well studied AADCs from
some other plant species. The transcription of the gene is substan-
tially regulated by wounding, as well as by other environmental
cues. The former circumstance is indicative for an involvement of
the gene product in plant defense. Bacterially expressed TyrDC en-
zyme is capable of forming tyramine. Consequently, this reaction
product is undoubtedly connected to wound responses in Arabid-
opsis, even though the precise function of tyramine is yet to be
uncovered.
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